Siloxanes present in the biogas produced during anaerobic digestion in wastewater treatment plants (WWTPs) can damage the mechanism of cogeneration heat engines and obstruct the process of energy valorization. The objective of this research is to detect the presence of siloxanes in the biogas and evaluate a procedure for their elimination. A breakthrough curve of a synthetic decamethylcyclopentasiloxane on an experimental bed of activated carbon was modeled and the theoretical mathematical model of the adsorption process was adjusted. As a result, the constants of the model were obtained: the mass transfer constant, Henry's equilibrium constant, and the Eddy diffusion. The procedure developed allows the adsorption equilibrium of siloxanes on activated carbon to be predicted, and makes it possible to lay the basis for the design of an appropriate activated carbon module for the elimination of siloxanes in a WWTP.
INTRODUCTION
The two main chemical substances in the biogas generated during the anaerobic digestion of sludge in a wastewater treatment plant (WWTP) are methane (CH 4 ) and carbon dioxide (CO 2 ). The proportion of each one of these gases depends on the operation (performance) of the process. In a correctly functioning digester, the volume concentration of these main compounds is around 50-70% for CH 4 and 20-50% for CO 2 . The biogas is totally saturated with water and the rest of its composition is made up of hydrogen (H 2 ), at 0-5%, and hydrogen sulfide (H 2 S), at 0-1% (Coombs ) . However, together with these elements, traces have been identified of hundreds of different chemical compounds (Schweigkofler & Niessner ) , such as ammonia, carbon monoxide, halocarbons, aliphatic (from ethane to nonane) and aromatic hydrocarbons, siloxanes, heavy metals and inorganic compounds.
The exploitation of the biogas for cogeneration, that is, the production of heat and power from the biogas generated in the WWTP, becomes considerably more complicated when it contains organic silicon compounds. During combustion inside the engine, these gaseous silicon compounds are transformed into (highly abrasive) oxides, which precipitate in the form of solid substances on the internal parts of the machine, and can cause breakdowns which prevent its operation.
Among others, silicon structures with the general formula H 3 Si-(O-SiH 2 )n-O-SiH 3 are found in WWTP biogas. When the hydrogen atoms are substituted by organic sidechains, such as -CH 3 , they are organic siloxanes. These organic siloxanes can be transformed into silicone.
It has been demonstrated that siloxanes can cause significant breakdowns in combustion engines (Tower ; Dewil et al. ) . In the specific case of the cogeneration facilities at WWTPs, a large proportion of the problems detected in the engines are due, precisely, to the presence of siloxanes in the biogas produced during anaerobic digestion. In fact, in the WWTP studied in this research project, abrasive incrustations were observed on the surface of different mechanical parts of the machine (valves, cylinder heads, pistons, exhaust system, etc.) (García ) . These solid deposits gradually wear down these parts and, finally, cause the breakdown of the engine. The immediate consequence is the interruption of the cogeneration process and energy valorization.
The siloxanes that can be detected in the biogas produced in WWTPs (and landfills) are: silanol (L1), hexamethyldisiloxane (L2), octamethyltrisiloxane (L3), decamethylotetrasiloxane (L4), hexamethylcyclotrisiloxane (D3), octamethylcyclotetrasiloxane (D4), decamethylcyclopentasiloxane (D5) and dodecamethylcyclohexasiloxane (D6) ( (Parker et al. ) . Inside the WWTP, there is a strong volatilization into the atmosphere, especially during the aeration process (58.6%), and approximately 17.3% is incorporated into the sludge which enters the anaerobic digester. Tower (), after analyzing the biogas in over 50 WWTPs, found D4 and D5 present in almost 100% of the samples. The rest of the siloxanes appeared in less than 10% of the cases. The increase in the temperature of the sludge during the anaerobic digestion process, together with the relative volatility of the siloxanes, facilitates the incorporation of these compounds into the biogas produced in the digesters. Siloxane D6 (of high molecular weight and low vapor pressure) does not usually appear in the biogas, at least in significant amounts, and remains in the sludge.
Taking into account the many and serious consequences of the presence of siloxanes in the biogas, the elimination of these compounds from the inflow gases of the engines is of great importance in order to prevent their breakdown. To achieve this, although there is a certain elimination of siloxanes from the condensates which are formed during the compression of the biogas during its storage, which Reina () quantified at around 10%, it may be necessary to apply a procedure to eliminate or reduce the presence of siloxanes in the biogas.
Different methods exist for the elimination of siloxanes from gas flows, including: solid-phase adsorption ( In practice, activated carbon adsorption beds are the most widely used technique to eliminate siloxanes on an industrial scale. In small-scale applications, the regeneration of the adsorbent is ruled out on grounds of cost, operational simplicity and the difficulty of the desorption of the siloxanes.
Among the disadvantages of this technique, related to the loss of performance, is the presence of other chemical substances in the composition of the biogas, which could be retained on the surface of the carbon (competitive adsorption), limiting, and even preventing, the adsorption of the siloxanes. In particular, the humidity of the gases exerts a notable influence on the adsorption capacity of the carbon, reducing the siloxane elimination rate to such an extent that when the relative humidity is greater than 50%, the adsorbent capacity is nil for the retention of siloxanes. This same effect has been observed in laboratory experiments with a gas test on the biogas of a WWTP (Schweigkofler & Niessner ) .
In a line of work complementing the techniques described, the purpose of this paper is to evaluate a procedure for the elimination of siloxanes from biogas, based on the activated carbon adsorption process and its mathematical modeling, to lay the basis for an industrial-scale design.
The research was performed at the Rincón de León WWTP, located close to the city of Alicante (Spain).
METHODS

Description of the Rincón de León WWTP
The Rincón de León WWTP treats 79,000 m 3 d À1 of urban wastewater from the city of Alicante (Spain) with a certain percentage of wastewater from industrial estates. It is a conventional activated sludge plant, with anaerobic digestion and energy valorization of the biogas. The mean 5-day biochemical oxygen demand (mg L À1 ), chemical oxygen demand (mg L À1 ) and suspended solids (mg L À1 ) values of the inflow water are 405, 800 and 370, respectively, and the mean values of the outflow water after secondary treatment for the same parameters are 20, 63 and 25, respectively.
The most significant parameters related to biogas production are: retention time in the digester, 12 days; digester temperature, 35 W C; biogas production, 6,500 Nm 3 d À1 and sludge production, 23 t d À1 . Iron sulfide is added to eliminate sulfides. The energy recuperation system consists of: sludge heating (boilers and heat exchangers), gas storage (highpressure gasometers and compressors), gas flares and a cogeneration system using biogas (auxiliary heat exchangers and generators). Electricity is generated with two Guascor generators with a unit power capacity of 500 kW.
Reagents and adsorbents
The liquid solvents used were n-hexane, tetradecane and hexadecane, all of high-performance liquid chromatography quality. As the basis for the preparation of D5 patterns, certified quality patterns were used, supplied by accredited manufacturers, with a purity of 97% (weight/volume). To obtain the gaseous nitrogen pattern of D5, N 2 C-50 nitrogen was used After several experiments with three commercial activated carbons, that with the greatest capacity for the adsorption of D5 after saturation was chosen for the study. The characteristics of the activated carbon selected are shown in Table 1 .
Analytical methods
The analytical determination of the siloxanes, both in gaseous samples and in liquid patterns, was performed using gas chromatography techniques with mass spectrometry, in accordance with Standard Methods for the Examination of Water and Wastewater (). The equipment used was an HP/Agilent Technologies 6890N gas chromatograph, previously calibrated, with a split/splitless capillary column inlet, and a DB-5.30 m chromatographic column was selected, with 0.25 mm ID and 0.25 µm film. As a selective detector, an Agilent Tecnologies 5973N mass spectrometer was used, with a source of electron ionization.
For the characterization of siloxanes in the WWTP, samples were taken of the outflow biogas from the digesters, with a spread of 12 samples taken at a maximum interval of 20 days. An HP 7683 automatic sampler was used to take the samples.
Synthetic gas and adsorption tests
Laboratory equipment was prepared to obtain a synthetic gas with a matrix of nitrogen and a constant concentration of siloxane D5 for the determination of the breakthrough curve of this compound on the adsorbent. With this synthetic gas, the interference produced by the wide range of chemical compounds present in the composition of the real biogas was eliminated. After the different preliminary tests using a solution of siloxane D5 in organic solvents (hexane, dodecane and tetradecane), the use of these solvents was rejected. The experimental procedure to generate a synthetic gas with a constant concentration of D5 consisted of the introduction of a volume of 2 mL of pure commercial D5 in a flask with a diffuser, placing it in a thermostat-controlled bath at 30 W C and passing through it a constant flow of gaseous nitrogen (400 mL min À1 ). In this way, a synthetic gas was obtained with a constant concentration of siloxane D5 of 2.7 ± 0.2 mg m À3 , for a period of at least 420 minutes. This time was sufficient for the adsorption tests. The experiments to determine the breakthrough curve on the activated carbon consisted of circulating a flow of 400 mL min À1 of this synthetic gas through a laboratoryprepared cylindrical glass module, measuring 1 cm in diameter and 6.5 cm in length, filled with 3 g of the activated carbon selected. Figure 1 shows a scheme of this experimental module, where Co represents the inflow concentration and C the outflow concentration. Each experiment continued until the saturation of the activated carbon bed was exceeded (360 minutes), and then the gas samples were analyzed to determine the corresponding concentrations of D5 at the inflow and outflow of the activated carbon module (Co and C, respectively).
Theoretical basis of the adsorption process
In the physical adsorption process of a gas on a solid, a dynamic equilibrium is established for the distribution of the solute between the fluid and the surface of the solid (the chemical potentials of both phases and the adsorption and desorption speeds are equaled). The equilibrium is generally expressed in terms of concentration (if the fluid is a liquid) or partial pressure (if the fluid is a gas) and in terms of the sorbate load in the adsorbent. The adsorption equilibrium can be represented in different ways, depending on the parameter that is maintained constant: adsorption isobars (constant gas pressure), adsorption isotheres (concentration of adsorbate in the constant adsorbent) and adsorption isotherms (constant temperature). The pure gases show adsorption isotherms (Brunauer et al. ) which relate the relative pressure of the adsorbent to the amount of solute adsorbed. At low pressure, for a sufficiently low covering, the isotherm is reduced to a linear form, often called the 'Henry's law region':
where q is the concentration of the solid phase adsorbate, p is the gas-phase equilibrium partial pressure of the adsorbate and K is the Henry adsorption constant. The adsorption isotherms are the mathematical expressions most commonly used to define the adsorption equilibrium between a gas and a liquid (Langmuir ; Freundlich ). But contrary to what occurs in liquidvapor or liquid-liquid equilibriums, in which, in many cases, theoretical models can be applied to predict the distribution of a solute between the phases, there is no acceptable theory to estimate the solid-gas adsorption equilibrium, and so the equilibrium data must be obtained for each adsorbent and each individual solute or mixture of solutes.
The general mathematical solution for the adsorption process on activated carbon is given by the following mass balance equation (Ruthven ) , which relates the variation of the concentration of a given adsorbate (C) to time (t):
In Equation (2), the term ÀD L @ 2 C=@z 2 is the axial dispersion, with D L being the Eddy diffusion (m 2 s À1 ), and the variation of the concentration along the bed, z (m); the term @(uC)=@z is related to the axial variation of the velocity of the fluid, with u being the interstitial velocity (ms À1 ); the term @C=@t is the variation of the concentration along the time, t (s); and the term (1 À ε b )=ε b @q=@t is based on the mean amount of adsorbate in the solid per unit of mass, q. This term refers, therefore, to the variation in q through the particles of the solid, due to the resistance to the internal mass transfer, considering the mean adsorption velocity of all the adsorbent particles. Likewise, the fourth term includes the porosity of the bed, ε b , an adimensional magnitude which refers to the ratio of the apparent volume of the adsorbent to the real volume (without voids). It is calculated experimentally.
Equation (2), applicable in the most general case in which the mass transfer resistance and axial dispersion are considered, makes it possible to predict the concentration of the solute within the fluid, as a function of the time and the position on the bed.
In all events, for the integration of the general equation, it is essential to have a mathematical relationship that represents the solid-phase behavior @q=@t. In this regard, the model formulated by Glueckauf () (frequently used to design and simulate adsorption processes on a fixed bed (Calo & Henley )) considers that the mass transfer rate in the solid as a function of time is governed by the following linear equation:
where q* is the concentration of the adsorbate in equilibrium with the concentration of solute within the fluid (C), C* is the concentration in equilibrium with the mean concentration in the solid (q), k is the overall mass transfer coefficient, which includes internal and external transport resistance, and K is the equilibrium constant for a Henry adsorption isotherm: q ¼ K·C.
The final integration of the general Equation (2), taking the Glueckauf Equation (3) into account, can be performed by numerical or analytical methods. A simplified analytical solution for the calculation of the concentration in the outflow gas (C) with respect to the concentration in the inflow gas (Co), with a bed of specific characteristics, assuming insignificant axial dispersion and constant fluid velocity (u), was proposed by Klinkenberg () and by Ruthven ():
In Equation (4), Co is the concentration of solute in the inflow gas of the adsorption column and C is the concentration of solute in the outflow gas, both in mg m À3 ; ξ and τ are, respectively, the distance and time (adimensional) and, at the same time, they are coordinates to transform z (length of the bed) and t (time), which converts the equation into a simpler form. They are calculated using the following expressions:
In these equations, K is the Henry equilibrium constant (adimensional) and k is the overall mass transfer coefficient (s À1 ):
The error function in Equation (4) is formulated as (Gauss error function):
The error function is odd, that is, it is not symmetrical, and so:
The solution given by Equation (4) has an error <0.6% for ξ > 2 (a hypothesis which is demonstrated below for the case that we are addressing).
In this paper, Equation (4) has been solved using the analytical solution made up of Equations (5)-(8), ignoring the axial dispersion and also, therefore, the Eddy diffusion, D L (a hypothesis which is also shown to be correct in the experiments performed), as mentioned above.
With these hypotheses, and once the experimental breakthrough curve of the synthetic D5 on the selected activated carbon bed had been obtained, the procedure for the resolution of Equation (4) was as follows: (1) experimental determination in the laboratory of the porosity of the activated carbon bed, ε b ; (2) calculation of the adimensional variables ξ and τ, and of the error function, erf(x), for each time; and (3) adjustment of the calculated curve to the experimentally obtained breakthrough curve using the Klinkenberg Equation (4).
The porosity of the bed, ε b , was calculated as the ratio of the difference between the real density (ρ r , g mL À1 ) and the apparent density (ρ a , g mL À1 ), to the real density. In our case, it was obtained: ρ r ¼ 1.4398 g mL À1 , and ρ a ¼ 0.8653 g mL À1 . Both densities (ρ r and ρ a ) were experimentally determined by mass/volume relationships. As a result: ε b ¼ (1.4398-0.8653)/1.4398 ¼ 0.399 ≈ 0.4.
In the calculations of the theoretical breakthrough curve, simulations were made using the parameters k (mass transfer coefficient) and K (Henry's equilibrium constant). For the adjustment between the experimental and the theoretical, or calculated, curves, the following objective function (OF) was minimized:
In Equation (9), (C/Co) exp is the ratio of the concentration of solute in the outflow gas of the activated carbon bed (obtained experimentally) to the concentration in the inflow, and (C/Co) cal is the ratio of the outflow concentration (calculated with the model) to the inflow concentration.
It should be noted, with respect to the solution of Equation (4), that the adimensional term ξ in this equation incorporates the equilibrium constant K. This constant represents the coefficient k a /k d , that is, the coefficient between the velocity at which the molecules are adsorbed and the velocity at which the molecules desorb. This equation considers that the ratio of the quantity of molecules adsorbed in the adsorbent (q) to the concentration in the gas (C), in equilibrium for this value of q, is linear, so that: q ¼ K·C, an expression that coincides with Henry's law (1). This supposition represents an approach to the problem (a simplification) and, in all cases, its validity should be checked, since not all adsorption isotherms always match lineartype equations, and not in all concentration ranges.
RESULTS AND DISCUSSION
Characterization of siloxanes Table 2 shows the values of the concentrations of siloxanes in the outflow biogas of the digester. Only the cyclic siloxanes D4, D5 and D6 are included, since linear siloxanes were not detected in any of the samples.
As can be observed, siloxane D6 is detected in four of the 12 samples (33.3%) of the biogas and its mean concentration is 0.1 mg m À3 ; siloxane D4 appears in nine of the 12 samples (75%) with a mean concentration of 1.6 mg m À3 ; and siloxane D5 is found in all of the samples (100%) and its mean concentration is 7.7 mg m À3 . With respect to the mean values, D4 represents 17.0% of the total concentration of siloxanes, D5 represents 81.9% and D6, 1.1%.
These results coincide with those obtained by Parker et al. () and Tower (), since, in our case, only siloxanes D4 (sporadically and with little relevance) and D5 (in all of the samples) have been detected, with the presence of D6 being insignificant.
It is confirmed, therefore, that D5 is by far the siloxane found in greater quantity in the biogas, for which reason this research has focused on this compound. Figure 2 shows the evolution of the experimental breakthrough curve for synthetic D5 on the selected activated carbon, (C/Co)exp, over the duration of the experiment (360 minutes), where Co is the concentration of inflow D5 in the bed and C is the D5 outflow concentration.
Experimental breakthrough curve
The results indicate that the activated carbon bed begins to become saturated after 240 minutes (breakthrough time: C/Co ≈ 0.05), approximately, and that at 280 minutes (saturation time: C/Co ≈ 0.95) it is completely exhausted and would require substitution or regeneration.
Having defined the experimental breakthrough curve and its corresponding breakthrough and saturation points, and knowing the gas flow, D5 concentration and the mass of activated carbon introduced into the filtering module, the volume of gas treated in the bed and the mass of gas adsorbed by the bed can be immediately determined, as can the adsorption ratio, that is, the ratio of the mass of gas adsorbed to the mass of activated carbon (mg D5 g À1 carbon).
Modeling and adjustment of the theoretical breakthrough curve
To model the theoretical breakthrough curve and for its adjustment to the experimental breakthrough curve, several simulations were performed, varying the parameters k and K, until OF (Equation (9)) was minimized, following the procedure described above. Table 3 shows the initial data for the mathematical adjustment. Figure 3 shows the experimental breakthrough curve (exp) and its ratio of the theoretical or calculated breakthrough curve (cal) in the best-adjusted simulation. OF 
where d p is the diameter of the particle of activated carbon (in m). To calculate d p , the granular distribution data supplied by the carbon manufacturer was used, as shown in Table 4 .
The mean size of the range from 2.80 to 4.75 mm was 3.78 mm, and the mean weighted diameter of the different particle sizes was calculated as: d p ¼ 4:75 Á 0:15 þ 2:80 Á 0:08 þ 3:78 Á 0:77 ¼ 3:85 mm With d p being known, D L was calculated using Equation (10), with the result: D L ¼ 2.96·10 À8 m 2 s À1 . This diffusivity value agrees with the assumption made for the analytical solution of the mass balance, as the axial dispersion is considered insignificant. For its part, the value of ξ, using Equation (5), was: ξ ¼ 1,810.71. Given that ξ > 2, the initial assumption is also confirmed.
It is therefore demonstrated that the procedure developed is valid for the prediction, in each specific case, of the behavior of a given activated carbon with respect to the adsorption equilibrium.
CONCLUSIONS
In all the samples of WWTP biogas taken, siloxanes were detected in total concentrations of between 2.7 and 14.3 mg m À3 . No linear siloxanes were detected, while the only cyclic siloxanes observed were compounds D4, D5 and D6, although with very different frequencies and at different concentrations. The frequency of the appearance of siloxane D6 was 33.3%, that of D4 was 75.0% and D5, 100%. Considering the mean values, D4 represented 17.0% of the total concentration of siloxanes, D5 was 81.9% and D6, 1.1%. It can therefore be concluded that D5 is the compound that most contributes to the total concentration of siloxanes.
An experimental assembly was designed to obtain a synthetic gas with a constant concentration of siloxane D5 and the experimental breakthrough curve of this synthetic D5 on an activated carbon bed was modeled. The theoretical model of the adsorption process of the experimental breakthrough curve was adjusted, using the simplified analytical solution proposed by Klinkenberg (insignificant axial dispersion and constant velocity of the fluid). The best match obtained from the simulations performed determined the values of the constants of the model, that is, the mass transfer constant, k ¼ 0.12 s À1 , Henry's equilibrium constant, K (adimensional) ¼ 3.25·10 4 , and the Eddy diffusion, D L ¼ 2.96·10 À8 m 2 s À1 .
The procedure developed in this research will make it possible to predict, in each specific case, the adsorption equilibrium of siloxanes on activated carbon and, consequently, to lay the basis for the design of an appropriate activated carbon module for the elimination of siloxanes in a WWTP.
